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TITLE METHOD OF ELECTROPLATING A SUBSTRATE, 

AND PRODUCTS MADE THEREBY 

l^ncrtttOlTNn OP THE INVENTION 

1, ttddrfthaWntion 

The present invention retires to methods of electroplating and to products made 
5 thereby. In mother aspect, the present invention relates to methods of electroplating s 
cuducove mtal otto a ubsnte, snd to products made thereby In even another aspect, 
the praam invention relates to methods of electroplating conductors onto a seed layer 
supported by a substrate, and to products made thereby. In stiU another aspect, the 
present invention relates to methods of electroplating conductors onto a seed layer 
10 supported by a dimond substrate, and to products made thereby 

2. Dcimprini *f th * ******* Art 

It is the physical and chemical properties of natural diamonds which render 
/ fomonrU nitric for use m a wide range of applications. For exempt natural diamonds 
15 are the hardest known and exhibit low friction and wear properties 

Specifically, & natural diamond's thermal conductivity, thermal diflusivity properties, 
electrical resistivity and msaohardness invite its s u bstit u tion in various applications. 

Iptciflciltjr with respect to electronic applications, diamond, with a thermal 
conductivity four times that of copper end a dielectric constant less than alumina or 
20 akmwum nitride, has long been recognized as a desirable material for electron* 
sub st ism 

It U Sknraa btlieved thai diamond films would find utility in t broad range of 
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electronic uses 

Unfortunately, diamond films axe not naturally occurring, but rather must be 
manufactured using any of a host of techniques. 

Fortunately, however, the physical and chemical properties of synthetic diamond 
S films have been found to be comparable to those pf bulk diamond. 

For eorapk, it has been reported that electron assisted chemical vapor deposition 
films have electrical resistivities greater than I0 U Q-cro, microhardness of about 10,000 
HV, thermal conductivity of about 1 100 W m" 1 K'\ and thermal diffusivity of 200 to 300 
mmVs. These compare favorably to those properties of natural cSamond, ie, xesisihrties 
10 in the range of 10' to 10* Q-cra, microhardness in the range of 8,000 to 10,400 HV. 
tbennalooaductMtyinthenmgeof9a)to2lOOWm" 1 K"\ and thermal dtfliisivity of 490 
to 1 150 mmVs. Thermal gravimetric analysis demonstrates the oxidation rates of diamond 
films in air are lower than there of nstural diamond Additionally, it is reported that the 
suiting temperature of oxidation fix microwave- assisted chemical vapor deposition 
15 diamond film is about B00*C as evidenced by weight loss, while the morphology shows 
visible oxidabon etching pits at temperatures as low as 600'C 

Thus, diamond films also show promise for finding utility in a multitude of 
applications, including electrical applications. 

Currently, cbsmical vipor deposition diamond film has experienced limited market 
20 entry primarily as beat sinks for Ikser diodes. However, there are many other industrial 
uses planned for diamond film, virtually all of which require metaflizatioa 

For example, diamond film substrata have been hefted as the only solution to 
fl*ny of the thermal management problems currently encountered in the electronic and 
optoelectronics pack*)* area. Aa the packing density of electronic systems increase*, 
25 this thermal ttmaguncr* problem is only going to exacerbate Metallization of diamond 
film suberaa with lagNy conducting metataaoch a gold and copper uessemialfiar these 
applications. Some of the applications which sre in dire need of the development of a 
tenaciously adhering conducting metal film on a diamond ajbstmc indude laser diodes 
and diode amys for telecomnunications, power modules for on-board satellite* high 
30 powved microwave modules, MCMs, and especially 3 -D MCMs. 
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However, wide the industry is m Are oeed of i toiAciouAty adhering pMKpsz on 
peel test) electroplated conducting metal film oc i diamond substrate, the chemcal 
inertness of diamond resists the formation of adherent coatings on it. This is especially 
true far large area (>lmm x lam) diamond film substrates and thick metal films (>2 
microns). 

Pramtly, metallization is accomplished through tame form of physical vapor 
deposition. While this produces i high quaftty film, it also produces high materia] cost due 
to its extreme waste of maul. Electroplating is prefsribtebecau^ 
deposited selectively, which would cut waste by over 90% from what is consumed in a 
physical vapor deposition process. 

Physical vapor depositiofl processes are currently the industry standard because 
films deposited by tuch processes tend not to blister or peei at high temperatures In a 
physical vapor deposition process, the substrate is mounted inside a high vacuum 
chamber, The chamber is evacuated, and metal is either evaporated or sputtered to form 
a coating on the substrate. The inefficiency of the technique is due to the metal coating 
that ii deooahed onto the rest of the vacuum chamber at the tame time. Only a small 
percentage of the metal that is consumed by the process lands on the substrate, with the 
rest being lost 

Electroplating woutisem to 
with gold. With efcctroplaa^ to plated metal is applied direcdy to the target, resulting 
in much less waste as compared to physical vapor deposition. However, even though 
electroplating has estdmmad itaetf u a woctism 

and fid fabtlanou in the ataururica industry, only sputtering and evaporation of gold and 
eoppar have so fir bean commercially successfully uufced la meuflizing diamond film 
■ubstrans (and ody on small substrates and only to small thicknesses). 

"MUaBuung CVD Diamond For Electronic Applications", Iacovangaio et at. 
Incnsntioaal Journal rfXficroelectronica And Electronics Packaging. Vol. 17, No. 3, at 
252-251 (1994X disctoees a phyaisal vapor deposition technique for depositing a gold 
Layered* diamond ukn. As diadoaed by Iacovangelo rt dL, thin gold films are applied 
to metal saad layers on diamond Urns by either a sputterng process or a eheaes^ 
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deposition process. 

As shown for coat numbers 1 1-13, the gold layers applied by the teachings of 
Iscovsngeic er aL exhibrt adhesion to the diamond subrtrste on the order of 4 to lOKpaL 
Unfortunately, the gold layers produced by lacovangdo ei ai wm on the order of 0 5 
S micros thm, too tWa for use in o»ftipplicauor*v 

lacovangelo et aL, further disclose the electropltting of a triple layer of copper, 
nickel and then gold onto a patterned dun film. However, ai shown in Figure 4 of 
lacovangelo era*, thisdeetroplaied layer is on the order of 2Q0*«n wide, far too narrow 
for many applications. Electroplating onto diamond film lubKnifli on the order of 1cm 
10 x lcm or larger requires that the problems induced by thermal stress be solved. 

lacovangelo «' ai do not disclose or teach bow to electroplate onto larger 
diamond film substrates in a manner sufficient to overcome the problems induced by 
thermal stress. Biaxial stresses increase with increasing diamond fibn size. 

Additional probtens with applying metal layers to diamond fima include blistering, 
IS peeling and deuuninaiion. 

Therdore, there is a need in the art for a process for metallizing diamond and 
other types of substrates which does not suffer from one or more of the prior art 
mutations. 

Then is another need ffl the err for an electroplating process for metallizing 
20 diamood and other types of subftriie* which does not suffer from one or more of the prior 

an Ibnitations. 

Tb« is even aiwthar need m me an for sn electro 

diamood end other types of substrates which provules a prc^ wWt suitable dte^ 
between the gold layer and the atamond film. 
23 Tbsn iiat^amdker need mtltemn^ and 

diemoeal and other types of substrates which provWes a produa with su 
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There ■ yet another a need in the art for metaOisad diamond and other types of 
substrates which do not suffer the prior srtlimitaiioes. 
Thesis even stl aiuiher iieed m 0^ 
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of substrates with suitable adhesion between the gold layer and the diamond film. 

There is even yet another need in the art for a metallized diamond and other types 
of substrates with suitable surface roughness. 

These and other needs m the an will become apparent to those of skill in the an 
upon review of this specification. 



It is one object of the preaem invention to provide a process for metallizing 
diamond and other typo of substrates which does not suffer from one or more of the prior 
an limitations. 

It is another object to provide for an electroplating process for metallizing 
diamond and other types of subetmas which does not suffer from one or more of the prior 
an limitations. 

It is even another object to provide for an electroplating process for metallizing 
diamond and other types of substrata which provides a product with suitable adheskm 
between the gold layer and the diamond film. 

It is still another object to provide for an electroplating process for metallizing 
diamond and other types of substrates which provides a product with suitable surface 
roughness. 

It is yet another object to provide for metallized diamond and other types of 
substrates which do not suffer from the prior an Hmkatiooe. 

It is even still another object to provide for a metallized dienuind and other types 
of substrates with suitable adhesion between the gold layer and the diamond film. 

It is even yet another object to provide for a metaUiaed diamond and other rypes 
of subenatee with suitable surfke roughness. 

Theee ssal mtier nhjsrn nf the jirarmt wr mr rn ' rr — " *~ those of 

skill in the art upon review of das specification. 

Aficordmg to one embodiment of the present invention thsre is provided a method 
of electroplate* an article having a surike with peaks and valleys, and articles made 
therefrom. The method generally includes electroplating s oonductive metal onto the 
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peaks to cover the peaks with the conductive metal, and into the valleys to substantially 
611 the valeys with the cooductive metal. 

According to mother embodiment of the present invention there is provided a 
method of electroplating an article having a surface with t surftce roughness and articles 
made therefrom. The method generally include^electropliung a conductive metal onto 
the surlhce utilizing a current density lees than or equal to J* to form a conductive metal 
layer having a surfcee roughness no greater than the snide surfkee roughness 

Acmrdmg to even another embodiment of the present invention there is provided 
a method of electroplating in article comprising a supporting member and a seed layer 
supported by the supporting member, with the seed layer hawing a surface with peaks and 
valleys, and articles made therefrom. The method generilly includes electroplating a 
conductive metal onto the peaks to cover the peaks with the conductive metal, md into 
the valleys to substantially fill the valleys with the conductive metal. 

According to still another embodiment of the present invention there is provided 
a method of electroplating an an 

supported by the diamond member, with the seed layer having a suffice with a surface 
r mighnos a, and articles made therefrom. The method generally includes electroplating & 
conductive metal onto the seed layer surface utiizmg a current density leu than or equal 
to J* to form a conductive metal layer having a wrfhee roughness no greater than the seed 
layer surface roughness. 

According to yet mother smbo&nenc of the present invention there is provided 
a method of metafliang t diamond fkn. and articles made therefrom. The method 
generally includes a first step of applying a seed metal onto the diamond film to form a 
seed layer having a uftce roughness, with the seed layer having a wrfice with peaks and 
vaHeyt The method further tndudes electroplating a conductive metal onto the peaks to 
cover the peaks with the cooductive metal, and into the valeys to substantially fin the 
vafleye with the conductive metal. 

According to even stil another embodiment of the present invention these is 
provided a method of metallizing a tfiamond iOm, end articles made therefrom. The 
method generally includes spptyu* a seed metal onto the diamond film to form a seed 
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ltyer, with tfai seed liyer having a surface with a surface roughness. The method further 
iodides ekaropkring a conductive metal onto the iced layer surface utilizing a current 
denaity las then or equal to J* to form a conductive metal layer hiving a surface 
roughness no greater than the seed dyer urface roughness. 

5 According to even yet another embodiment of the present invention there is 

provided a method of electroplating an article to form an electroplated layer having a 
desired surface roughness, and articles nu^ therefrom. The method generally includes 
(a) electroplating at a current density, a conductive metal onto the article to form an 
electroplated layer. The meted further includes (b) determining the surmce roughness 

10 of the electroplated layer, The method still farther includes mcreastng the current density 
of step (a) if the surface roughness determined in step (b) is less than the desired surface 
roughness, end decreasing the current density of step (a) if the surface roughness 
deterrmned in step (b) is greater thaa the desired surface roughness. This method may be 
operated interactively until the desired surface roughness is obtained for the thickness 

15 required. 



flprcc nperanmnM fff the TttAWiNflfi 
PIOs. IA-C, show respectively, substrate 10 with irregularity 20 without an 
electroplated metal, substrate 10 with irregularity 20 electroplated over by electroplated 
20 metal 30. and substrate 10 with irregularity 20 electroplated suuetaanatty filled by 
electroplated metal 30. 



nan-Ail m nFMIPttON f>F THE TNVENTIQN 

Tl* presetf brventic* previc* » 
25 onto a target cc«ductrve metal layer aurface, such that the mrmed electroplated rectal 
layer wl bm a rewWa^ surbce rou 
target layer. 

The present svenooa also provides a method for deetrcpiaaog a conductive metal 
onto a target conductive metal layer surface, aueh thet the formed electroplated metal 
30 layer wiH have reduced likelihood cf blistering away from the target layer at elevated 
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temperaturei, and wQl have good adhesion to the target layer. 

The present invention generally includes a first step of metallizing a support^ 
substrate to form a seed layer, followed by electroplating a conductive layer onto the seed 
liyer Alternatively, the present invention may aho be utiiued to dectroptae a conductive 
S metal directly onto a conductive substrate even without a seed layer. 

In the practice of the present invention, the substrate may comprise any material 
that will be suitable for the desired application Non-timting examples of supporting 
substrate materials include metals, diamond, semiconductors, ceramics, thermoplastics or 
thermosets 

10 Although much of the fallowing description for the present invention makes 

reference to dnmiond film as the substrate, it is to be understood that this invention finds 
applicability to any type of substrate 

The diamond films utilized in the pnetice of the present invention are well known 
to those of skill in the an. The diamond film utSzed in the present invention may be 

IS made by any suitable proceas. Generally, such suitable methods of making diamond films 
are generally characterized as chemical vapor deposition techniques such as hot filament, 
DC arcjet, Rf arqet, microwave plasma, and microwave plasma jet methods 



Initial treatment of flg Mwnmg wbnraic 

20 In the practice of the preiem invention, the supporting substrate must generally 

be cleaned to provide a proper surface far meulliang. For example, with diamonds and 
many metata, such cleaning generally indudeedegreaatng, removal of residual carbon, and 
the removal of the cleaning solutions. 

For eampfc, methods of cleaning a diamond Am are wel known to those of skill 

25 in die m^md any antable method may be utilued. Degreasing is generally accomplished 
by boMag the dtamood fikn in suitable chemical solvents, non limiting eseamples of wind) 
include trichloroethykna, acetone and alcohols The removal of residual carbon is 
generally accomplished at slightly elevated temperatures utiliz»g an acid wash fallowed 
byabtsewash. As a im bating aeampie, 

30 acid/dvocraum trioxide at 160*0 fallowed by ammonium hydroxide/hydrogen peroxide 
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at 70*C. Residuals of these cleaning solutions are then removed by subjecting the 
diamond film to ultrasonic cleaning in deionued water. 

In tome application!, it wilt be necessary that the surface roughness of the final 
electroplated cooductive layer be quite low For cample, many electrical appbeabons will 
5 require the final electroplated conductive layer hgve a surface roughness less than about 
350 am, preferably less than about 300 nm, and more prefenbly less than about 250 an, 
and most preferably leu than about 200 nm. Of course, it is to be understood that the 
present invention can be utilized to form a final electroplated conductive layer having 
almost any desired surfhee roughness 

10 The surface roughness of the underlying substrate will tend to influence the surface 

roughness of the final electroplated conductive layer. It is generally preferred to sun with 
a substrate having a surfece roughness near that desired in the final electroplated 
conductive layer Likewise, the surface roughness of the seed layer on the substrate will 
also tend to influence the surface roughness of the final electroplated conductive layer 

IS Thus, if a seed layer is utilized it is generally preferred to utilize one having a surffce 
roughness near that desired in the final electroplated conductive layer. 

Ai^Hntinf^Uwr 

Once the substrate is degreaeerf *nd cleaned, the optional seed layer may be 
20 applied. Methods of applying a seed layer to a substrate, especially a diamond film are 
wtO known to those of skX in the an. In the practice of the present invention, the seed 
layer may be appKed using any suiuMetcchn^ In general, physwal vapor deposition 
methods are utilized to create the seed layers Such techniques include sputtering 
tecMquea, thermal evaporation, sod electron-beam evaporation, and are well known to 
25 those ofatiB in the art 

Apparatua fix iceompfiahing physical vapor deposition arc weB known, and soy 
suitable apperatus may be utifised in the practice of the present invention. Suitable 
equposent mdudes a standard tfaorvl evaporator such at the Edwards E306A (Edwards 
Company, Great Britain) coating system. 
30 Accorting to the present invention, the seed layer may inchjde one or more 
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subtur&ta layers Optiooaiy, the seed liyer may funhat include I top surface layer of the 
same meal u the metal to be electroplated onto the iced layer Of course, tnymenlor 
material that will adhere to the supporting substrate, and provide a suitable surface for the 
electroplated metal may be utilized Noo-limiring examples of materials suitable for use 
S as the Med layers) include ahimmuw, coppej, chronnum, gold, nickel, rrioknum, 
p.a^m, piunmv nbcon, tantalum, titanium, tungsten, ind cotnbmations of any of the 
foregoing. 

Titanium will tend to diffiise into gold. Therefore, if titanium it utilized at a 
subsurface seed layer, a layer of platinum or tungsten is generally utilized between the 

10 titanium and gold layers. 

With aonM metals, the seed layer wil tend to be susceptible to dekanunation unless 
the substrate is healed prior to sad during the physical vapor deposition process. The 
temperature is generally great enough to discourage ddaraination of the final seed layer 
but leas then the degradation temperature of the diamond film or the metal melting point, 

15 whichever ia lest For example, generally during the physical vapor deposition process 
of deposit a chrorohim seed layvonttd 

ten^craturem the range (if about 150«C to about 40O°C. Preferably, the physical vapor 
deposition process ia carried out at a temperature in the range of about 17S°C to ibout 
3<xrCaatfmc*piefon^iUte»p^ 

20 wuieveiimiscveretB^ 

vapor deposition process for applying the seed layer is generally carried out at near 
vacuum, on the order of about dXIO 4 ntffcc <* le* preierib* ^ 
lXl(T*rniKbar orltas. It » insportant that the vaponzed dwmical be thermally driven to 
the target m a rdtfrvety uoimpeded manner. Thus, it is neceaaary to create proper 

2S coomtiomsota^thevaiwri^ 

if i inagrtmrir ff — tK » suwwtina 

substnM. 

Gcsaerally, the vacuum chamber is purged with nitrogen prior to obtaining the 
vacuum, to remove substantially afl osdents. 
30 In toe pricrice of the presm invention 
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perfect crystal structure, which structure can be influenced by tha application rite. Low 
seed layer application rmtes are utilized to provide a teed layer with the proper crystal 
structure. Suitable application ratei are on the order of 5-JOA/icc or lower. 
EtecgflgUting i conduflTYB liytr 
5 Oooe the nd layer is in place, the conductive layer is applied onto the seed layers 

utifizing an electroplating technique. 

TT» inventors have determined that electroplating at tow electroplating rates, 
utilizing low deetraplatmg cunemdansttiet, wiH result in an electroplated layer having 
a surfbee roughness leas then that of the underlying layer upon which it is electroplated, 

10 wtth roughness decreasing wttb decreasing and J H . The inventors have also determined 
that electroplating at fasgb electroplating rates, R» utifizing high electroplating cumnt 
densrtiet J* will result in an electroplated layer having a surface roughness greater than 
that of the underlying layer upon which zt is electroplated, with roughness increasing with 
increasing R„ and Jy An in te rme din s electroplating rate utfizmg an intermediate 

1 S curat density J» uch that Rt^^l^ and Jl<J«<Jk, wil I resuh in an el ectroplated layer 
having a surface roughness equal to that of the underlying layer upon which it is 
electroplated. 

The present invention thus provides a method of forming an electroplated layer 
having a suHfce roughness Ian than or equal to the suffice roughness of tha target layer, 
20 by utilizing an electroplating rate less than or equal to R* at intermediate current density 
less than or equal to J* 

The present invention also provides a method of forming an electroplated layer 
having a target surffcee roughness by moni tor ing the roughness of the forming 
etectropiBno Myor» oo wcraaamg me eiecrrnpianng me sno current density soove ana 
2S J* if the a m dw td roughness is lass than the target roughness, and by decreasing the 
decuoptang rate and current density below R, and J, if the monitored roughness is 

The particular deposition rate or current density which will result in an 
electroplated layer having a roughnett 
30 upon which it is electroplated, win va^acc^ 
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theiype of dsctrepltfiBg lolulxmutfliaed, pH, solution density, bath temperature, anode- 
to-cathode ratio, type of agiutioo, u well is other factors. It is generally necessary to 
condvjet a simple tot over ■ range of deposioon rates or current densities to determine R, 
and J» and the range* for R^, J u Rh and J N . 

5 For exarnpst, when utilizing i anam coasncrcuAy available gold pUticg solution, 

it is generally necessary to provide a current density u the anode or leas than 1 mA/cm 1 
to provide in doctropUtcd layer havmg a surface roughness less than the roughness of the 
underrying layer Prefatory, the email density «t the a^wiU be in tta range of about 
0.001 to about 0.95 mA/cm', more preferably in the range of about 0.01 to about 0.7 

10 mA/cnr\fvwriHXEprefffabty 0. 1 to about 0 5 mA/cm 1 , and most 

prefatory in the range of about 0 1 to about 0.2 mA/cm*, to provide an electroplated layer 
hiving a surface roughness less than the roughne» of the underr?ing layer. 

The surface of a substrate is not regular and may contain many irregularities, 
which may be naturally occurring, an unwanted result of processing or handling, or may 

15 imemioaalry msutufacnired into the substrate (such as vies). Aa used herein, the 
irregularity wffl be characterized as having a valley or tow region, and peaks or high 
regtons. 

An alternative etectropiating embodiment of the present invention includes 
dectroptctint a surface having surface irregularities such as crevices, cracks, grooves. 
20 exposed triaocavitiea, scratchea, slhs. slots, openings, hollow portions, cavities, 
chambers, notches, pits, hotea, vtas. and/or voids According to this alternative 
ecabodimait, the electroplating is conducted such that the surface irregularity is 
substantialy fflkd by the elawtroptatuig |m>cesa. 

Pf f— . - k wde to FICs. 1 A-C which show reaptcovery, substrate 10 with 
25 irreguserity 20 without aa dacffopUted metal, substrate 10 with irregularity 20 
elLLUupsset-1 over by etectropiated metal 30, and substrate 10 with irregularity 20 
nj ^pri.lTy fflari by electroplated avail 30. 

WUe not wisteg to be tanned by tlieorytheiiivetwrab^ 
over irregularities, as shown «a FK>. IB will result in lower acfteakm, and wiD provide 
30 trapped declaring sorver^ wlu^ temperature^ Wu*er the 
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article. The inventor* also bebeve that the prior art electroplating methods generally 
would electroplate over any mrfece irregularities because at higher current densities, the 
electroplating charge would accumulate at the surface of the substrate, at peaks, and be 
depleted at the bottom, or valley, of the irregularity The inventors farther believe that 
5 lower current densities aOow for the metal to substantially ftU the irregularity, resulting m 
better adhesion 

Thus, the present kvention includes electroplating a surface having surface 
irregularities such as crevices, cracks, grooves, exposed mcrocavities, scratches, slits, 
slots, openings, hollow portions, cavities, chambers, notches, pits, holes, viaa» and/or 
10 voids, to substantially fiH substantial all of the irregularities with the electroplated metal. 

Preferably the volume of an irregularity is at least SO percent, more preferably at 
least 80 percent, even more preferably at Leeet 90 percent and even more preferably at 
least 95 percent, still more preferably at least 98 percent, and most preferably at least 99 
percent filed Preferably at least SO percent, more preferably at least 80 percent, even 
IS mora preferably si least 90 percent and eva more preferably st least 95 percent, still more 
preferably at least 98 percent, and most preferably at least 99 percent of the irregularities 
on the surface will be filled. 

The proper electroplating rite can be easily determined by varying the 
electroplating rate over a range and analysing the filling of the irregularities. 
20 In the practice of the present invention, the tkc ti o p ia t in g is generally carried out 

as follows. The supporting member with seed layer is connected to a cathode and a 
platinum plate connected to the anode. With the supporting member and platinum plate 
submerged in en electroplating solution, a current is applied to drive the electroplating 
process. 

25 The process of the present invention finds utiUty in providing useful products for 

use metastatic applications The products of the present invention have utility in a broad 
rnge of cfednak a p p Braricsit including specifically as diodes, flat panel displays, power 
amplifiers, and as multidup modules in general. 
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EXAMPLES 

The Mewing non-limiting examples ire provided to further illustrate ihe invention 
and are not meant to limit the invention in my manner The following Procedures I-IH 
discusses the general method of preparing metallized diamond film. 

5 

■ 

Procedure I 
QaaU Sirnrlff Prnaacfln 
The diamond samples utilized in the Examples were 1cm x lem diamond film, 
produced by standard chemical vapor deposition ("CVD"). 

10 

QejaamagutMUliiBfiiki^ 

The first step in sample preparation is decreasing, in which the diamond sample 
is sequentially boikd in trichloroethylene, acetone and then methanol 

The diamond sample is placed in 400 ml of trichloroethyleoe m a 600 ml Pyrex 
IS beaker. Next, the beaker is placed on a standard hot plate iiiside a fume hood By means 
of the hot piste, the nicMccoethykne is brought to t boil. After IS minutes, the diamond 
film is removed from the boiling trichloroethylene. Unless otherwise specified, the 
diamond sample is always handled utilizing meal tweezers and holding the diamond by 
the edge*. 

20 The above procedures are new repeated with acetone. The diamond sample is 

placed in 400 ml of acetone in a 600 ml Pyrex beaker. Next, the beaker is placed on a 
standard hot plate inside a fiane hood. By means of the hot piste, the acetone n brought 
to s boiL After IS minutes, the diamond fflm is removed from the boiling Ketone 

The above procedures are next repeated with methanol. The diamond sample is 

25 pls^in4Wn^ofnwr^lms600n^rye»beaJcer Next, the beaker is placed on a 
standard hot plate inside a ixnc hood By means of me hot plate, the methanol is brought 
to a boil. After IS minutes, the diamond film is removed from the boiling methanol. 
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1 gram of chromium trioxkfe powder is stirred into 400 ml of semiconductor grade 
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sulfuric Add m a 600 mi Pyrot baker. Next, the betker is pliced on i standard hot plate 
inside a flune hood. By means of the hot plate, the mixture of sulfuric actd/chromum 
Dioxide powder is heated to 160°C. The diamond film is placed in the mixture for 30 
minutes and then removed. 
S A rimlar procedure is repealed with a mixture of 200 ml of semiconductor grade 

oimomun hydroxide and 200 ml of hydrogen peroxide in a 600 ml Pyrex beaker. This 
beaker is placed on a standard hoi ptau inside a ftime hood By means of the hot plate, 
the mixture is heated to 70*0. The diamond Elm is placed in the mixture for 30 minutes 
and then removed. 

10 

B~~~.1 ^ffmtf iriurirm 

The diamond ample is placed in 600 ml of ddonized water in a 600 ml Pyrex 
beaker. The beaker is then placed wide t standard ulrruonic detoer, with the diamond 
sample subjected to ukruoek deaning fer at least three hours. 

IS 

Pfflttdiin n 
Ergarninn nf thr mtdbya 

A seed layer was applied to the cleaned diamond film samples of Procedure I 
utilizing an Edwards E306A coating systeni The Edwards E306A is a standard thermal 
20 evaporator, the operation of which is known to those of skill in the art, and which was 
operated generally is fcEowi. 



After venting the vacuum chamber with nitrogen gas, the bell jar Is removed. 

23 Removal of fee bel jar provides acoess to and permits subsequent removal of the sample 
holder, i.e. the metal place at the top of the apparatus under the jar. Next, one of the 
screws In the wnyli bolder metal plate it loosened, and a comer of the diamond film 
sample is phoed under the screw. H» diamond sample is oriented such that the substrate 
side of tte sample ts against the pbaa, wfch the growth side of the sample feeing out The 

30 screw is thm tightened until the washer is snug against the holder, sufficiently tight to 
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secure the sample when the plate ii held upside down. The sample holder is then placed 
in the evaporator. Tbe pieasoeteetrie holder is then pieced in its standard position 



Mnuntmg rhwwimiiii and gold targets 

S First, the center target holder, and two pf tbe peripheral target holder* on the 

target holding apparatus are loosened. Next, i standard thermal evaporation chromium 
stick, comrnerrially available from HD. Mathis Company, is positioned with one end in 
the center target bolder, and tbe other end in one of tbe peripheral target holders. A 
standard thermal evaporation molybdenum boat, alto commercially available from R.D 

10 Mathis Company, is positioned with one end in the center target holdeT, and the other end 
in (he other peripheral target holder. To encourage good electrical connections, a mall 
metal shim is inserted between the molybdenum boat and washer of rite center target 
holder, and the chromium bolder is rotated uarttil the cfaroflnim target is in electrical 
contact with the side electrode. Next, all the target holders ere tightened to secure the 

15 chromium stick and the rnc^ybdenurn boat. Finally, a smell 2mm x 2mm x 2mm nugget 
of gold of at least 99.99% purity is placed in the rnor/bdeoum boat. 



Urmtrr Adjustment 

For proper operation, it is necessary that the radian beater is pointed at the 
dsunood film samples, that the thewiocoupie is dose to the diamond film samples, but not 
shadowing any of men from the evaporating metal, and that the window on the radiant 
heater is clear and not covered with metal. 



25 The rotary pump is engaged to pomp down the vacuum chamber until the Piransi 

gauge reads 0 06 mbar. Next, the diffusion pump is engaged and filled with Uquxl 
amxsgm To protect ti»eoe«rsiorrrMne»*^ 

over me bell Jar. The radiant bseter is set to 200*0 and engaged. Over tbe next few 
tauri.tbedfflisi«ir«iitsp 
30 to 6E-6 robar. 
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IS 



Tfw*md ^.rw^nn nf thr md liver 

The formal evaporator ii fir* operated to form a chromium layer directly on the 
diamond film, ind then operated to form a gold layer on the chromium layer. 

First utilizing the chromium stick as the target, the current it increased until a 
chromium depottkm rtte of 0 5 to 1.0 nm/sec is achieved, to form a chronuim. layer from 
17 5 nm to 22.5 ran thick. Subsequently, the target holding apparatus is rotated so that 
the gold nugget in the molybdenum boat is now the urget. The current is increasad until 
a gold deposition rate of 0 5 to 1 0 nm/sec is achieved, to form a gold layer from 275 nm 
to 325 nm thick. 

Once the chromium and gold layers are formed, the current is stopped, the 
substrate heater is turned o£ the diffiision pump is disengaged, and the chamber is vented 
once. The chamber is pumped down again, but with the roughing pump instead of with 
the diffiwioc pump. The apparatus is then allowed to cool at room temperature for about 
an hour, at which time the chamber is again vented, and the seed layer coated diamond 
film removed. 



PTPcahircHI 

Diamond fibn samples from Procedure 0 having t chromium and gold seed layer 

20 art utilized m this Example. 

800 ml of • nJfite-based, nontoxic gold electroplating, solution, available from 
p«gUh.rH it titiiaMi m i imp ml Pm» b— tar The sotunoa niust be tentd to make sure 
as operational pinncten ire within tolerances The pH, which must b« between 10 5 
^ 11,1s ktcreased with KOH tod deereued with Dlwuer, The density, which must be 
25 between 12" Baume ("Be") tod 16*Be, is increased with gold concentrate from 
Eogkhnrd, Md decretxd withDl water. 

During the thilmplsiiiig operation, the solution is agiutcd by means of • 
magnetic stir bar, and the eohitiofl temperature is maintaTncd between 55°C and 60»C by 

means of an electrical hot plate, 
30 The diamond S«n^ if iitiched to the ca^^ 
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(2* x 2") ii ifitched to tte anode ailiguor dip Only about 5 on 2 of the anode is pliccd 
into the solution. A standard HP power supply which provides current measurable to a 
tenth of a milliamp it utilized 

The electroplating ii cooducted it a current of 0 SmA, which sets the current 
5 denaty it the cathode to 0.5 mA/cm* to provide a deposition rate of about 0 4 microns 
gokl/hr The electroplating is continued until the desired thickness of gold is obtained. 



Procedure IV 



10 The plated diamond films front Procedure III are tested using the "Peel Test" 

procedure of ASTM B»S71 (11), except that an aluminum test strip is substituted for the 
steel or brass stnp. The equipment utilized was a Sebastian III tester 

The ocn ikctropUted (bade) side of the diamond film is secured to an aluminum 
beckplsteusingJB. Weldepoocy. An aluminum puH strip is secured to the electroplated 

15 (front) side of the diamond film using J.B. Weld Epaxy, A metal dip is utilized to press 
the pull orip against the sample. The sample is then allowed to cure at 150°C for 3 hours, 
and at roam tenipc Mu re far 21 houn. The Sebastian HI tester is then utilized to provide 
a pulling force at a pulling angle 90° to the surface of the film, to pull the aluminum pull 
strip off of the diamond film, The digjtaT display will indicate the force with which the 

20 machine was pulling when the puH strip was removed. By dtvidmg this force value by the 
area of the pull strip, it can be reported in pounds per square inch. 



c iimnrifl 1 

fWrnl At Efifh DeiMMrt lUi* 

23 Alonx i cm diMOnd sample was coated with a seed layer of 200A chromium 

and 30<»A fold by Procedures I sad II as shown above. Seven gold layers were then 
applied at vwious current densities utilizing Proced ur e III above at the parameters as 
shown m Table 1 below. 
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Lay* Mo. 


Current Datrty 




Uycf "fhiakim 


Total Thieluiai 
(Mm) 


Depart 

<»iWW 


1 


S* 


OS 


03 


0J 


36 




5 


1 


04 


0.7 


24 




10 




0J 


M 


24 




10 




0.3 


zo 


IS 




10 




UO 


10 


15 




10 




03 


3.5 


IS 




10 




as 


4.0 


IS 



Peel Test of Procedure IV wis conducted on the ibovc 7 layer sample: sample 
peeled at 20 pounds (350psi) 

is Esmdfii 

A lem x lan diamond sample wis coated whh&seed layer oflOoA chromium 
and 3000A gold by Procedures I and n as shown above. A 4.5 |im gold layer was apphed 
at a deposition me of If fxm/hr utilizing Procedure III. Ped Test results litilixmg 
20 Procedure IV wis ai fellows* peeled at 251bs (440 psi). 




Two 1 cm x lcm dtamond aamptea 44 A* an M B W were cswh cowed with a seed layer 
23 c^200AclflWiumaBd3(X)QA gotd by Procedures I and II as shown above. Eight layers 
of gold imra then deposited on each seed layer by Procedure III above, with surface 
rougher rwawrad ini^ Results are presented 

in Table 2. 
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Cwnuktivt ttyer 
thkfcaaii Goo) 


Cvrcm Deniity at 
■Bde(nA/cD*) 


Depontiannte 


RducImus 

(nm) 


SAMPLE "A" 


0 


N/A 


WA 


ISO 


1.9 


5 


20 


350 


i,( 


0-5 


0.1 


232 


1.9 


0J 


01 


200 


2.0 


0.5 


0.05 


111 


2,2 


0.5 


0.07 


162 


2.3 


0.5 


0.05 


140 


40 


11 


0.6 


221 










SAMPLE "B" 




0 


N/A 


N/A 


145 


1.3 


5 


20 


350 


16 


0.5 


0.1 


240 


19 


0.3 


01 


246 


10 


Oi 


0.05 


212 


2.2 


0.5 


0.07 


110 


2.3 


0.5 


OOS 


190 


4.0 


1.1 


0.6 


230 



AjualiagjtecdJaatK 
3 Icax Ian diamond Miaplei X" were each coated with ■ seed layer of 200A 
chron^a*3000Aa^ by Procedural 3 tan x lem diamond 

temples "D" wen each coated wuh a teed leyer of 200A chrooKim end 1000 A gdd by 
Procedures I and II as shown above, and an additional 2000A gold by Procedures 1 and 
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n is shown above, except chat an deposition temperature of SO^C was utilized 

For samples C-l and D-l, tht ie«d layer was not annealed, for sample C-2 and D- 

2, the seed layer wu annealed at WO°C t and for samples C-3 and DO, the seed layer was 

amaled at 400°C. Al samples were then electroplated with a Sk thick gold layer at 0.8 
5 mA/cm 2 by Procedure HI above. 

These ax electroplated samples were all subjected to annealing at 350 C C Finally, 

all samples were subjected to the Ped Test of Procedure IV. Results are shown in the 

following Tables 3-6 



io iifati 

Surfta Roughness 

Of Sged Before Electroplating (nm\ 





SAMPLES C 


SAMPLES D 


1 (SEED LAYER NOT 
ANNEALED) 


250 


250 


2 (SEED LAYER 
ANNEALED AT 300*0 


254 


269 


3 (SEED LAYER 
ANNEALED AT 400*0 


2S2 


211 








SAMPLES C 


SAMPLES D 


1 (SEED LAYER NOT 
ANNEALED) 


111 


206 


2 (SEED LAYER 
ANNEALED AT 300*0 


113 


233 


3 (SEED LAYER 
ANNEALED AT 400*0 


ISO 


207 



4 



WO 



10 



15 
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(VM l^ver . After AimcihtiB Ai 3S0"C fan) 





SAMPLES C 


SAMPLES D 


1 (SEED LAYER NOT 
ANNEALED) 


ISO 


213 


2 (SEED LAYER 
ANNEALED AT 300*Q 


110 


230 


3 (SEED LAYER 
ANNEALED AT 400^) 


230 


430 



Samples in the bottom row Mistered, accounting for the high suffice roughness 
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SAMPLES C 


SAMPLES D 


1 (SEED LAYER NOT 
ANNEALED) 


2400 (cpoxy brake) 


2900 


2 (SEED LAYER ANNEALED 
AT30CTC) 


2900(hmRofp«flte«f0 


2900 


3 (SEED LAYER ANNEALED 
AT40C°O 


33 


0 



3000A gold by Procedures I tad n u shown above Seed Iiyeri were subjected to no 
anting, .mli* * 3S0-C, or aaoeabni at 400«C A gold layer of 5 A wu then 
depositedon the seed layer of euh ttmpl* by Procedure 111 above. 0*sa of samples 
wu then subjected to thermal Kre» (anneaJing) at 350«C or 400"C for 30 minute*. 
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Another sec af samples was then subjected to thermal cycling from 1 S0°C to -65°C, in 
close agreement with military standards The samples were subjected to 16 cycles, with 
a cycle aa follows: climbing to 1S0°C in IS minutes, dwell for 15 minutes, down to -65° 
in 1 S minutes, dwell for 13 minutes. This procedure varied from standard nrihary 
5 specifications in that 15 minute temperature increments were utilized instead of 10 minute 
increments. 



Tito 7 

P+r* TVrtinf After Thermal Cycling OCT! 

10 . 





SAMPLES For Thermal 

Snss 


SAMPLES For Thermal 
Cycling 


1 (SEED LAYER NOT 
ANNEALED) 


33O*C:3600 
400*C:2O0O 


3600 


2 (SEED LAYER ANNEALED 
AT300-C) 


35O°C:360O 
400*C 1100 


3600 


3 (SEED LA YER ANNEALED 
AT400*C) 


JS0*C:0 


0 



20 21mm x 21mm samples of diamond were degreaaed and cleaned according to 

Procedure I above TIk teachings of Procedure JI were followed to deposiL the seed 
layer, ©ccept thai the thickness of chromium was always 300 angsfroms, and copper was 
deposited instead of gold. The copper was deposited to a thickness of 2000 angstrom* 
but at varying substrate temperatures, Also, the base pressure in the thermal evaporator 

23 chamber w» varied. Abo, the temperature of the seed layer lineal step was varied All 
of the samples were then electroplated withoooptrtoathidtneMof S-lOmicroni All 
cfthe staples were then annealed at 3 S0°C. All of the samples were then observed for 
Drovers. 
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SAMPLE 


EVAPORATION 

SUBSTRATE 

TEMPERATURE 

re) 


evaporation 
Base pressure 

(MBAR) 


SEED LAYER 

ANNEAL 

TEMPERATURE 

CO 


BUSTER 
RATTNG 


1 


300 


IJE-6 


AMBIENT 


MEDIUM 




:oc 




300 


MEDIUM 


3 


200 


1.3E4 


400 


MEDIUM 




CrlOO 
Cu:50 


l.JE-6 
I5E-7 


AMBIENT 


LOW 




Cr. 200 
Cu:50 


l.JE-$ 
tJE.7 


300 


LOW 




Cr; 200 
Cu.50 


1)8-6 

l.SE-1 


400 


VERY LOW 




Or 200 
Cu. SO 


I3E-6 
l.SE-7 


AMBIENT 


HIGH 




Cr 200 
C*50 


l.3E-« 
l.SE-7 


300 


HIGH 




Cr200 
CsSO 


I.lE-tf 
l.SE-7 


400 


N/A (etched 



15 While the ilhutmive embodiments of the attention hive been described with 

particularity, it wQI be understoodthat various other modifictDoas will be apparent to and 
am be reaolly made by thoae ddOed in the art without depening from tl» ipirrt a«l scop« 
of the invention. Accordingly, it is not intended that the scope of the claims appended 
hereto be limited to the examples and descriptions set for* herein but rather that the 

20 dams be construed as aMovnMiatag all the feitura of patents 

in the present invention, indudkng all features which would be treated as equivalents 
thereof by those skilled the an to which this invention pertains, 
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I CLAIM: 

1. A method of etearopkring an article having a surface with peaks and valleys, the 
method comprising: 

electroplating a cocductrv* metal onto the peaks to cover the peaks with the 
conductive metal , and into the valleys to substantially fill the valleys with the conductive 
metal 

2. The method of claim 1 wherein the article comprises metals, diamond, 
semiconductors, ceramics, thermoplastics or thermosets. 

3 Themahod of claim 1 wherein the article comprises a supporting member and a 
seed layer. 

4. The method of claim 3 wherein the seed layer comprises aluminum, copper, 
chromium, gold, mckd, niobium, palladium, pfatsmon, silcon, tantalum, titanium, 
tungsten, or combinations of any of the foregoing. 

5. The method of clean 3 wtereio the supporting member comprises diamond, and 
the seed layer comprises chromium and gold, and the conducting metal amprises gold, 
wherein tot chromium is adhered to the diamond. 

6. Tfce method of dawSwhereuitta 
less than or equal to L. 

7 A method of electroplating en article having a surface wrth a surface roughness, 
the method emnpriiing: 

rtof mtfaliig a conductive metal onto the sur&ce utilizing ■ current density less 
thee or equal to J» to form a co nd u ct ive metal layer having a surface roughness no greater 
than the anide sur&ce roughness. 
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g The method of daim 7 wherein the ankle comprise* metals, diamond, 
semiconductors, ceramic*, therraoplaittcs or therniosets. 

9. The method of diim 7 wherein the article comprises a supporting member and a 
seed layer. 

10. The method of claim 9 whereto the seed layer comprises tfcmiaum, copper, 
chromium, gold, nickel, niobium, palladium, platinum, silicon, tantalum, titanium, 
rungsten. or ccfl»binitions of any of the foregoing 

11. The tnetiKxl of daim 9 wh«w\he supporting member compriies diamond, and 
the seed layer comprises chrwnium and gold, and the conducting metal comprises gold, 
wherein the chromnim is adhered to the diamond 

12. Ao*d»dofeieetrDplitinjtterti^ 

kyer supported by the supporting ineraber. wtt the seed laveT hav^ 
tnd valleys, the method comprising: 

electroplating a conductive metal onto the peaks to cover the peaks with the 
cooducdvt metsi and into the valleys to subitanaatry fill the valleys with the conauebve 
metal. 

13. The method of daim 12 wherein the article comprises metals, diamond, 
semiconductors, ceranka, therraopUitics or ihemosets. 

14. The method of claim 12 wherein the article comprises a supporting member and 
a seed kyer. 



IS. The method of dalm 14 wherein the seed layer comprises aluniinura, copper, 
chrormum, gold, mckel mobtum. palladium, platinum, silicon, tantalum, utaaium. 
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3 tungsten, or combinations of my of the foregoing. 

1 16. The method of claim 14 wherein the supporting member comprises diamond, and 

2 the seed layer comprises chromium and gold, aad the conducting metai comprises gold, 

3 wherein the chromium is adhered to the diamond. 

1 17. The method of claim 16 wherein the electroplating is conducted at a current 

2 density less than or equal to J 0 . 

1 IB. A method of electroplating in article comprising & supporting member and a seed 

2 layer supported by the diamond member, with the seed layer having a surface with a 

3 surface roughness, the method comprising: 

4 electro plating a conckctive metal onto the seed layer surface utilizu* a current 

5 density ksa than or equal to J* to form a conductive metal layer having a surfee 

6 roughness no greater than the seed layer surface roughness. 

1 19. The method of date II wherein the article comprises metals, diamond, 

2 semiconductors, ceramics, thermoplastics or thennose* 

1 20. The method of daia It wherein the aitick comprises a supporting membw and 

2 a seed layer. 

1 21. The method of claim 20 wherein the seed layer comprises aluminum, copper, 

2 chromium, gold, nkkeL nobnirn, palladium, platinum, silicon, tantalum, titanium, 

3 tungsten, or combinations of any of the foregoing. 

1 22. The method of dvn 20 wherein the supporting member comprises diamond, and 

2 the seed Ityv compris e s clnotnlu i n and gold, and the conducting metal comprises gold, 

3 wherein die chromium is adhered to the diamond. 
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1 23. AnmhodofmoullizingtdiiiKMidfilracompriiing 

2 (a) applying a seed metal onto the diamond film to form a seed layer hiving 

3 t surface roughaeu, with the teed layer having a surface with peaks and valleys, the 

4 method comprising: 

5 (b) electroplating a conductive metaLonto the peaks to cover the peaks with 

6 the conductive metal, and into the valleys to substantially fill the valleys with the 

7 conductive metal. 

1 24. The method of claim 23 wherein in step (a) the substrate is heated prior to 

2 applying the seed metal. 

1 25. The method of daim 23 wherao the substrata is diamond 

1 26. The method of daim 25 wherein the seed metal comprises chromium, and the 

2 substrate is heated to a temperature in the range of about 1 50°C to about 4CCC prior to 

3 applying the chromium. 

1 27. The method of claim 26 wherein the seed metal further comprises gold. 

1 28 The method of claim 27 wnerem 

1 29. The method of daim 28 wherein the electroplatiflg is conducted at a current 

2 density in the range of about 0 001 to about 0 95 mA/cm 1 

1 30. A method of tnetatlumg a diamond 6bn comprising 

2 (a) applying a seed metal onto the diamond film to form a seed layer, with the 

3 seed layer having a surface with a surface roughness: 

4 (b) dectropletmg a cwiductive metal onto the seed layer surface utilizing a 
3 current denary tea* than or equal to J* to form a conductive metal layer having a surface 
6 rmigtaeanoajeajerthenthc 
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1 31. The method of claim 30 wherein in step (a) the substrate is heated prior to 

2 applying the seed metal. 

] 32. The method of claim 30 wherein the substrate is diamond. 

1 33 The method of claim 32 wherein the seed metal comprises chromium, and the 

2 substrate is heated to a temperature m the range of about 1 5 0*C to about 4O0°C prior to 

3 applying the chromium. 

1 34. The method of claim 33 wherein the seed metal further comprises gold. 

1 35 The method of claim 34 wherein the conductive metal compnses gold 

1 36. The method of daim 35 wherein the electroplating is conducted at a current 

2 density in the range of about 0.001 to about 0.95 mA/cm 2 * 

1 37. A method of electroplating an article to form an el e ct ro p lated layer having a 

2 desired surface roughness, the method comprising 

3 (a) electroplating at 4 current density, a conductive metal onto the article to 

4 form an electroplated layer, 

5 (b) determining the surface roughness of the electroplated layer, 

6 (c) increasing the current density of step (a) if the surface roughness 

7 determined in step (b) is kss than the desired surface roughness, and decreasing the 

8 current density of step (a) if the surfee roughness determined in step (b) is greater than 

9 the desired wrfcee roughness. 
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FIG. 1A 




FIG. IB 




FIG. 1C 
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